ABSTRACT: Pb(Zr 0.52 Ti 0.48 )O 3 (PZT) films with (001) orientation were deposited on Pt(111)/Ti/SiO 2 /Si(100) substrates using pulsed laser deposition. Variation of the laser pulse rate during the deposition of the PZT films was found to play a key role in the control of the microstructure and to change strongly the piezoelectric response of the thin film. The film deposited at low pulse rate has a denser columnar microstructure, which improves the transverse piezoelectric coefficient (d 31f ) and ferroelectric remanent polarization (P r ), whereas the less densely packed columnar grains in the film deposited at high pulse rates give rise to a significantly higher longitudinal piezoelectric coefficient (d 33f ) value. The effect of film thickness on the ferroelectric and piezoelectric properties of the PZT films was also investigated. With increasing film thickness, the grain column diameter gradually increases, and also the average P r and d 33f values become larger. The largest piezoelectric coefficient of d 33f = 408 pm V −1 was found for a 4-μm film thickness. From a series of films in the thickness range 0.5−5 μm, the z-position dependence of the piezoelectric coefficient could be deduced. A local maximum value of 600 pm V −1 was deduced in the 3.5−4.5 μm section of the thickest films. The dependence of the film properties on film thickness is attributed to the decreasing effect of the clamping constraint imposed by the substrate and the increasing spatial separation between the grains with increasing film thickness.
■ INTRODUCTION
Microelectromechanical systems (MEMS) actuators driven by lead zirconate titanate at the morphotropic phase boundary (MPB), Pb(Zr 0.52 Ti 0.48 )O 3 (abbreviated as PZT), have received wide attention recently because they could potentially outperform other MEMS actuators due to the remarkable high ferroelectric polarization and piezoelectric coefficients of PZT. 1−5 For the integration of PZT-based materials into MEMS, these should be prepared in thin film form. Therefore, the properties of PZT thin films are critical to the quality and reliability of MEMS devices. For most MEMS device applications, such as vibration energy harvesters, micropumps, microcantilever-based mass sensors, and ultrasonic transducers for medical and sonar applications, the transverse piezoelectric coefficient (e 31 or d 31 ) is the most important factor to be considered. For specific applications, however, such as a nanocontrol system for the control of optical cavities, a high longitudinal piezoelectric coefficient (d 33 ) is required to obtain a large piezoelectric, piston-like deformation in the PZT film actuators.
In recent years, there has been substantial progress in the optimization of piezoelectric PZT films. In most cases, the obtained effective d 33f values of the films (∼100−120 pm V −1 ) are much lower than of the respective bulk PZT ceramics (d 33 = 223 pm V −1 ). 6 This difference was explained by the substrateinduced clamping of the thin film. 7 Haun et al. 8 analyzed the experimental data in the framework of the Landau−Devonshire phenomenological model and obtained values for the parameters that are fundamental to the piezoelectric effect. From this, a d 33 value of 327 pm V −1 was obtained for single domain, single crystals of PZT at the MPB. When comparing experimental results obtained for a different configuration (for example, for a clamped thin film) with theory, one may consider the value given by Haun et al. 8 to be the intrinsic value of this composition. Several authors have analyzed theoretically and experimentally the dependence of the piezoelectric properties on the crystal orientation in clamped thin films.
9−11 However, note that the theoretical results apply to a single domain structure only. The contribution of domain walls, grain size, and polarization rotation to the piezoelectric response, piezoelectric hysteresis has been reviewed extensively by Damjanovic and co-workers. 12, 13 It is well-known that extrinsic effects arising from domain formation, as occurs often in clamped films and domain wall motion under the influence of applied mechanical stress or electrical fields, can contribute significantly to the net piezoelectric effect. The effect of clamping on the ferroelectric, piezoelectric, and dielectric properties of a thin PZT film has been investigated theoretically by Pertsev and co-workers 14−16 within the Landau−Devonshire phenomenological model, both for a single domain and for a polydomain structure. Recently, these theoretical studies were revisited, using different boundary conditions for the interaction between different domains. 17 A detailed comparison of this model with experimental data for a 800 nm-thick PZT(40/60) epitaxial film enabled a decomposition of the measured piezoelectric coefficient into separate extrinsic and intrinsic contributions. 18 The effect of clamping on the piezoelectric properties has also been investigated experimentally and theoretically by changing the aspect ratio (t/d) of the thickness (t) of the piezoelectric thin film capacitor stack to the diameter (d) of the substrate−film interface. 19−23 Nagarajan et al. 19 and Buhlmann et al. 23 found strongly enhanced piezoelectric properties for PZT structures with t/d ≥ 1. In the first paper, this was explained in terms of thermodynamic theory for a unclamped single domain film, while in the second it was proposed that this enhancement is mostly due to a change in the domain configuration from a mixed c/a domain configuration induced by the substrate clamping-induced thermal strain for a continuous film to a configuration consisting of mainly c domains. The latter explanation is much in line with the polydomain Landau−Devonshire modeling. 14, 16, 17 Buhlmann et al. 23 also attributed the reduced piezoelectric activity found by Ganpule et al. 21 to damage to the crystal structure caused by the FIB processing used to pattern the capacitors and to the polycrystalline nature of the material, possibly both causing enhanced domain wall pinning. Finite element modeling (FEM) of 200 nm thick PbZr 0.5 Ti 0.5 O 3 capacitor with varying aspect ratio (0.01 to 1) structures (patterned by FIB milling) showed that the capacitor surface displacement depends on three factors: the intrinsic piezostrain, elastic strain in the film due to the substrate clamping, and local nonuniform deformation of the substrate. 24 The latter two strongly depend on the aspect ratio of the capacitor structure and the elastic properties of the substrate. We note that such FEM modeling is very suitable to model the mechanical interaction between substrate and the (nanostructured) piezo capacitor, but cannot take into account the effect of a changing strain state on the domain-structure in the capacitor and with that on the change of the piezoelectric coefficient.
In the latter papers, single, high aspect ratio capacitor structures have been fabricated by various pattern techniques. Here, we describe the fabrication and analysis of films, which consist of mechanically partly disconnected, (001) orientation and columnar grains with a diameter of about 100 nm. With respect to the piezoelectric properties, we therefore assume that our large area (300 × 300 μm 2 ) capacitor structures made of such films are composed of a dense parallel array of high aspect ratio (t/d col varies between 9 and 22) piezoelectric capacitors with common electrodes. Because of the large area, the capacitors are largely declamped from the substrate, but are still partly clamped by the adjacent columns. We interpret the obtained ferroelectric and piezoelectric properties within this description.
Next to the effect of declamping in columnar piezoelectric structures, one also observes a dependence of the effective piezoelectric coefficient of the film on the film thickness. Recently, a strong thickness dependence of d 33 in PZT films grown on SrTiO 3 /Si was observed by Kim et al. 25 A very high d 33 value up to 330 pm V −1 for a 4-μm-thick film was measured. This high value may have been due to the measurement method (piezoelectric force microscopy) used and the cracking of the thick films. A recent theoretical study using phase-field simulation on bulk single crystal PZT with near MPB compositions with a polydomain structure suggested that a d 33 34 and evaporation. 35, 36 The chemical methods are metal−organic chemical vapor deposition, 37, 38 plasma enhanced chemical vapor deposition, 39, 40 and sol−gel processing. 41−45 Each deposition technique has its intrinsic advantages and disadvantages. PLD has been demonstrated to be a versatile method for the fabrication of high-quality thin films. 46 The main advantage of PLD is the possibility to transfer a stoichiometrically multicomponent target material, especially containing volatile components such as lead, to the layer. Moreover, PLD is a powerful method that allows a thicker film to be fabricated in a short time due to the high deposition rate and the possibility to incorporate the process directly into a Siproduction line, 47, 48 for example, in MEMS. In general, PLD is a relatively simple experimental deposition technique. By controlling a few PLD deposition parameters, such as the laser energy density, laser spot size, substrate deposition temperature, oxygen deposition pressure, and target−substrate distance, PZT films with the desired microstructure and properties can be obtained. 46,49−53 Further, in general, a smooth film surface may be obtained by varying the laser pulse rate while keeping the amount of material deposited per shot constant. 54 A slow deposition rate at fixed laser pulse energy density means that the nuclei have more time to ripen and the film may evolve into a smooth surface with large flat areas. 50 However, there is no study on the effect of the laser pulse frequency on the PLD growth and properties of PZT films. Guan et al. 50 used a Monte Carlo computational model to study the influence of the laser pulse rate on island density and film morphology in the initial phase of PLD film growth. The computational results indicated that more and smaller size islands are formed at a higher pulse rate and the reduced island size can enhance the diffusion of adatoms, resulting in a smoother film surface. On the other hand, a short duration of intense deposition results in a high supersaturation, which also affects the nucleation and growth processes.
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The subject of the present study is the deposition of PZT films on platinized silicon substrates (Pt/Ti/SiO 2 /Si or short Pt/Si) by controlling the laser pulse rate to change and maximize the longitudinal piezoelectric response of films with different thicknesses. The other optimized deposition parameters are as given in ref 56 . The Pt/Si substrate is chosen here because it has found widespread use in the industrial
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Research Article production of microsystems employing PZT. The main result is that with increasing laser pulse rate and film thickness, the (average) d 33f value is increased strongly up to 408 pm V −1 for a 4-μm-thick film, deposited at 50 Hz. The local piezoelectric coefficient (d 33 (z)) reaches even a value of 600 pm V −1 in the 3−4 μm section of film with thicknesses of 4 μm or more.
■ EXPERIMENTAL SECTION
Film Deposition. The PZT films were deposited on (111)Pt/Ti/ SiO 2 /Si (Pt/Si) using pulsed laser deposition (PLD) with a KrF excimer laser (Lambda Physik, wavelength 248 nm, pulse duration 20 ns). 125 nm-thick Pt bottom electrodes and 15 nm-thick Ti adhesive layers were deposited at room temperature by DC magnetron sputtering on a 500 nm-thick SiO 2 layer formed through wet oxidation at 1100°C. To prevent the formation of pyrochlore phases at the interface between the PZT film and the Pt bottom electrode, a thin nucleation layer of LaNiO 3 (LNO, 10 nm, using PLD) was inserted between the Pt and the PZT (see Figure S1 ). The growth conditions for the LNO layer are given in ref 56 . The optimized growth conditions for the PZT layers were as follows: substrate temperature of 600°C; target−substrate distance 60 mm; laser spot size 3.0 mm 2 ; laser power density 2.5 J cm −2 ; and a pressure of 0.1 mbar O 2 during deposition. 56 To investigate the effect of the pulse rate (10−50 Hz), PZT films with a thickness of about 2 μm were deposited, and for the study on the effect of film thickness, the PZT films with thickness in the range of 0.5−5.0 μm were deposited at 50 Hz. After deposition, the films were cooled to room temperature with a ramp rate of 10°C min −1 in a 100 mbar O 2 atmosphere. Top electrodes (Pt, 125 nm) were deposited on PZT films at room temperature by DC magnetron sputtering.
Analysis and Characterization. Crystallographic properties of the PZT films were analyzed with X-ray θ−2θ scans (XRD) using a PANalytical X'Pert X-ray Diffraction system. Film surface and microstructure were investigated using atomic force microscopy (AFM, Bruker Dimension ICON) and high-resolution scanning electron microscopy (HRSEM, Zeiss 1550). For the electrical measurements, 300 × 300 μm 2 capacitors were patterned with a standard photolithography process and structured by argon-beam etching of the top Pt electrodes and wet-etching (HF−HCl solution) of the PZT films to expose the bottom electrodes.
The polarization hysteresis (P−E) loop measurements were performed with the ferroelectric mode of the aixACCT TF-2000 Analyzer using a triangular AC-electric field of ±200 kV cm −1 at 1 kHz scanning frequency. All measurements were performed after bipolar cycling the devices a few times. The hysteresis loops did not change after the first few cycles. The small-signal d 33f measurements (index SS) of the piezoelectric film capacitors were measured with a double beam laser interferometer (aixDBLI) apparatus that eliminates the influence of the substrate bending, 57,58 using a lock-in technique with a DC driving electrical field in the range ±200 kV cm −1 , and an AC peak−peak field amplitude of 5 kV cm −1 and 1 kHz frequency. The coercive field of the films is typically 30−40 kV cm −1 . It requires polishing of the back side of the substrate to ensure a reflecting surface for the second laser beam. The resolution of the aixDBLI is better than 1 pm V −1 ; therefore, the experimental accuracy is better than 1%, as the measured AC deflections in this measurement mode are in the sub-1 nm range for our devices. The aixDBLI measurement is still sensitive to the effect of the indentation of the substrate underneath the capacitor, due to the clamping with the piezoelectric film and the finite elasticity of the substrate. To estimate the effect of the aspect ratio on the clamping by the substrate and thus on the measured d 33f , we performed FEM analysis on circular capacitor structures with different structure thickness (t) and diameter (w) on Si, similar to that in ref 24 . These show that for t/w > 10, the observed d 33f is that of an unclamped sample, whereas for t/w < 0.2, it is close to that of a clamped, continuous piezoelectric film, with the crossover between the two regimes for t/w ≈ 1. These results are very much comparable to those in ref 24 . Unipolar and bipolar large-signal (index LS) displacement (Δz−E) hysteresis loops were measured at a scan frequency of 100 Hz up to ±200 kV cm −1 . Loops were averaged over 100 cycles. From these loops, the strain (S−E) and large-signal piezoelectric (d 33f
LS −E) hysteresis loops were calculated. In addition, we measured the tip displacement of 400 × 100 × 10 in μm Si cantilevers to determine an thickness averaged value for the product of the (in-plane value of the) Young's modulus E p and the piezoelectric coefficient, ⟨E p ′d 31f ′⟩ (the prime indicates the modification involving the Poisson ratio ν, due to the thickness/width aspect ratio of the cantilever; see the Supporting Information). For our piezoelectric layer, one expects that E p , ν, and d 31f SS vary over the thickness and also to be very different from those of dense films due to the columnar structure. In that case, the cantilever method does not allow the separation of these parameters. 59 Nevertheless, a possible trend in the value of ⟨E p ′d 31f ′⟩ with changing thickness will reflect thickness-dependent properties. The cantilevers were produced from a Silicon-On-Insulator (SOI) wafer (see the Supporting Information), and the tip deflection was measured with a scanning laser Doppler vibrometer (LDV), driven by the piezoelectric stack at an ACamplitude of ±30 kV cm −1 (at a DC offset voltage of 30 kV cm −1 ) and 8 kHz frequency (see Figure S7 ). The process for fabricating piezoelectric driven Si cantilevers has been described in a previous paper 60 and is depicted schematically in Figure S6 . We note here that one cannot directly compare the obtained values of the columnar films in this report with those from dense films, for which the elastic properties are well-known.
■ RESULTS AND DISCUSSION
Effect of Laser Pulse Rate. Typical X-ray diffraction (XRD) patterns of 2-μm-thick PZT films with Pt bottom and top electrodes, deposited on Pt(111)/Ti/SiO 2 /Si(100) (platinized Si or short Pt/Si) substrates with a 10 nm-thick LaNiO 3 buffer/nucleation layer on top of the Pt bottom electrode, using different laser pulse rates, are shown in Figure 1 . The diffraction patterns indicate a well-crystallized perovskite phase with predominantly (001)-oriented growth. The (110) fraction is in the few promille range. No other phases, such as the pyrochlore phase, were detected. There is no shift of the (00l) peak position; thus the out-of-plane lattice parameter is not affected by the pulse rate. The out-of-plane lattice parameter is a oop = 4.074 Å, and no peak splitting is observed. The single value of a oop is between the lattice parameters of the tetragonal unit cell of the MPB composition reported by Noheda et al. 61 Figure 1. XRD θ−2θ scans of 2-μm-thick PZT films deposited on Pt/ Si with 10, 25, and 50 Hz laser pulse rates.
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This may indicate that we are measuring an effective value, arising from a domain fraction weighted average of the out-ofplane lattice parameters in c and a nanometer-sized domains. Such averaging occurs when the domain sizes are less than the coherence length of the X-ray beam. 62 The adaptive phase theory in ref 63 describes the effective lattice parameter changes under a changing stress state. It appears that within this model effective lattice parameters are very small, even for 10−20% changes in the c-domain fraction. Alternatively, one could assume that the lattice parameter of this MPB composition is that of a rhombohedral unit cell, which is only marginally distorted under changing strain. However, this explanation is not in accordance with the tetragonal unit cell reported by Noheda et al. 61 The effect of the laser pulse rate on the surface and microstructure of PZT films is shown in Figure 2 . The AFM surface scans in Figure 2 , panels a1, b1, and c1, indicate an increased surface roughness and decreasing grain size with increasing pulse rate. Root-mean-square (RMS) roughness values were calculated from the AFM measurements and are given in Table 1 . The average surface roughness approximately doubles when the pulse rate is increased from 10 to 25 Hz and slightly increases further for 50 Hz. AFM line scans (see Figure  S2) show that the peak-to-peak roughness is about 45 nm for a film deposited at 10 Hz, while that of a film at 50 Hz is as large as 138 nm, indicating that a smoother film is obtained for a lower pulse rate.
The cross-sectional SEM images in Figure 2 , panels a2, b2, and c2, show columnar growth with relatively flat top shaped grains extending through the whole thickness of the film deposited at 10 Hz. At higher laser pulse rate, grains with a tapered shape and a pyramid-like top are obtained. Further, the columnar grains are less closely packed with increasing laser pulse rate (see Figure 2 , panels a3, b3, and c3). From the increase in growth rate with laser rate (see Table 1 ), it is concluded that the density of the film decreases with increasing pulse rate, assuming that the same amount of material is ablated and deposited per shot. The XRD measurements indicate that the crystalline structure and thus the density in the grain interior are the same for these samples; thus the apparent increased growth rate must reflect an increase of the void fraction in the film. In the Supporting Information, it is deduced that the void fraction of the 2-μm-thick PZT film deposited at 50 Hz film is as high as 6.9%. Figure S3 shows cross sections of the complete 2-μm-thick film deposited at 10 and 50 Hz, respectively, as well as close-up views at the bottom−electrode interface and the top of these films. These images show that the nucleation of the initial PZT growth layer has a significant effect on the growth of the grains. For the 50 Hz film, the average column diameter increases from about 36 nm at the bottom (see Figure S3e) to 145 nm at the top (see Figure S3f) , while for the 10 Hz deposited film, it changes from 60 nm (see Figure S3b ) to 180 nm (see Figure  S3c ) (see also Table 1 ). Clearly, with increasing laser rate the nucleation density increases, so that the initial grain diameter remains small (as was suggested by Guan et al. 50 ), but also the final diameter is smaller for higher pulse rate. The observed columnar structure is reminiscent of Thornton's StructureZone Model. 64 Within that model, the columnar growth is ascribed to low adatom mobility. The PLD deposition temperature is about 0.45 times the melting temperature of a typical perovskite, while the 0.1 mbar oxygen pressure corresponds to the very high pressure range of the Zone Model. For these conditions, in Thornton's Structure Zone Model the film grows with tapered crystallites separated by voids rather than by grain boundaries. In this regime, the film has poor lateral strength and is underdense, although the density of the crystallites is near the bulk value. It was argued that the voided structure arises from the low adatom mobility due to the high pressure. In our case, the deposition pressure and temperature are maintained the same for all depositions, but it is the laser rate that is varied. In a few aspects, the PLD process is quite different from the sputter deposition of a metal target, for which the Zone Model was developed. First, here PLD is performed from a multicomponent target, resulting in a complex metal oxide film, contrary to the single element metal target from which the Zone Model was derived. This seems to a As compared to a fictive film deposited at 0 Hz (see the Supporting Information). b At the bottom/at the top, of the 2 μm layer. For the aspect ratio, the diameter at the top of the film is used.
c Obtained from the P-axis crossing of the tangent to the P−E loop at high fields. d The curvature of a piezoelectric driven cantilever also depends on the Young's modulus E of the piezoelectric layer. This parameter is expected also to change with the void fraction. The curvature of the cantilever depends on the average product E p d 31f , which is given here to show the decreasing trend due to the changing pulse rate (see the Supporting Information). The corresponding value for a monodomain single crystal is −13 620 GPa pm V −1 .
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Research Article be of no significant consequence for the developed structure. More importantly, the Zone Model was developed for continuous sputter deposition, whereas in PLD the deposition is in bursts of typically 10−40 μs. This creates a very high supersaturation with a temporal deposition rate of 2500 perovskite unit cells per second during the pulse (irrespective of the pulse rate), as compared to only 4 unit cells per second for sputter deposition (at 1000 Å min
), creating a very high nucleation density on the substrate and momentarily very low adatom mobility during the film growth. 65 The adatom density rapidly drops after the pulse, and the mobility increases accordingly until the next pulse arrives. With increasing laser pulse rate, the available diffusion time before another deposition pulse arrives decreases from 100 ms for the 10 Hz film to 20 ms for the 50 Hz film. Thus, it appears that the change in columnar structure with changing laser rate can be attributed to the change in available diffusion time, limiting the range of the mobile surface atoms. It also implies that the surface diffusion time is in the range of a few 10 ms. Figure 3 shows the room-temperature polarization hysteresis loop (P−E) and the small-signal piezoelectric loop (d 33f −E) of PZT films measured up to ±200 kV cm −1 . The remanent (P r ) and spontaneous (P s ) polarizations decrease slightly with increasing laser rate, whereas the coercive field hardly changes. The changing P s hints toward a changing strain state. The increased d 33f values are ascribed to increasing domain wall motion and polarization rotation in the less clamped films, 66 deposited with higher laser pulse rate. With increasing laser pulse rate, P s decreases slightly from 39.3 to 35.1 μC cm −2
. The higher value at 10 Hz deposited film implies that the polarization vector is rotated in the out-of-plane direction due to compressive in-plane stress. This is surprising because the thermal stress after cooling from deposition temperature, arising from the difference in thermal expansion coefficients between substrate and film, is expected to give a small tensile stress. Hence, one must conclude that already during deposition the 10 Hz deposited film is grown in a compressed state, which is not fully relaxed during cooling. With increasing pulse rate, apparently the film already grows less compressively strained and is further relaxed upon cooling, so that the polarization rotates toward the in-plane direction. The reduced compressive strain is consistent with the increasing void fraction for higher pulse rates ( Table 1) .
The d 33f value is significantly enhanced for higher pulse rate ( Table 1 ) given by Jaffe et al. 6 and is close to the intrinsic (single crystal, single-domain) value (327 pm V ) given by Haun et al. 8 The increase of the d 33f value with increasing pulse rate can be understood from the decreasing interconnection between the grains and therefore less effective clamping of the film.
The value of ⟨E p ′d 31f ′⟩, determined from cantilever bending for a cantilever with a 10 Hz deposited piezoelectric film, is equal to that expected for monodomain single crystal material, reflecting the high density of this film. With increasing pulse rate, ⟨E p ′d 31f ′⟩ decreases slightly with increasing pulse rate as one expects for a film in which the grains are less well interconnected so that in-plane piezoelectric stress can develop less well and the in-plane Young's modulus is reduced.
The small-signal zero-field relative dielectric constant (ε r SS (0)), obtained from the capacitance−field (C−E) curves, as shown in Figure S5a , is slightly larger for the denser film deposited at a lower pulse rate ( Table 1 ). The zero-field ε r SS (0) values are about 2.5 times larger than that of the single crystal, single domain value ε r SC (0) = 382. 8 We attribute this large difference to a large extrinsic contribution from domain wall motion to the permittivity. The high-field values (at 200 kV cm −1 ) are close to ε r SC (0). Effect of PZT Film Thickness. To investigate the effect of the film thickness on the structural and electrical properties, samples with film thicknesses between 0.5−5.0 μm have been prepared with the same pulse rate of 50 Hz. Figure 4 shows the XRD patterns of these films. All films are crystallized in a pure perovskite phase with predominantly (001) orientation, and no evidence for secondary phase formation was found. The volume fraction of (110) oriented growth rapidly decreases with increasing film thickness from as much as a few percent for the thinnest film to about a promille for the thickest film. This indicates that with increasing film thickness, the (110)-oriented grains stop growing in length. Further on, we will see that with increasing thickness the grain diameter increases, and thus the space initially occupied by the (110)-oriented grains is expected to be filled with the increasing diameter of the (100)-oriented grains. There is no shift of the (ool) peaks for increasing film thickness, and thus no change in the out-of-plane lattice parameters.
The AFM and SEM micrographs of the surfaces and cross sections of PZT films, deposited at 50 Hz and as a function of film thickness, are shown in Figure 5 . From the AFM surface micrographs, it is seen that the grain size and the average distance between the PZT grains appear to change with 
Research Article thickness with increasing film thickness. The AFM lines scan spectra in Figure S4 show that the peak-to-peak surface roughness (R pp ) and RMS surface roughness (R rms ) increase with increasing film thickness R pp from about 84 nm for the 1-μm-thick film to 293 nm for the 5-μm-thick film and R rms from 8.6 to 72 nm, respectively.
As can be seen from Figure 5 , panels a2−f2, many grains extend from the bottom of the film to the top and increase in diameter with increasing film thickness (grain length), while the smaller grains end at shorter lengths. The grain diameter (d col ) at the top surface for different thicknesses is tabulated in Table  2 and depicted in Figure S8a , as are the (average) growth rates (R av ) for the different thicknesses (t). It is seen that R av increases significantly with thickness. From the changing average growth rates, one can calculate the local growth rate at a given z-position in the film (R(z)); see the Supporting Information. Assuming that the amount of material per unit area per laser pulse does not change, this implies that the average void fraction of the film (f v,av (t)) as well as the local void fraction f v (z) increase with thickness. This fits well with Thornton's Structure Zone Model. 64 From Figure S8a , it is seen that the local growth rate peaks at z ≈ 3−4 μm. It follows that at this z-position in the film the void fraction is also largest (see Figure S8b) . The SEM pictures and the XRD measurements indicate that the density of the grains does not change, but that the average spacing (δ) between the grains increases with thickness. The spacing changes from as little as 3 nm in the 0.5−1.0 μm z-range in the film to 29 nm for the 4−5 μm film section, with a shallow maximum of 32 nm in the range 3− 4 μm (see Figure S8b) . It seems obvious that the increased spacing influences the physical properties of the film, because the clamping of the individual grains decreases with increasing grain spacing.
Ferroelectric, dielectric, and piezoelectric properties of the PZT films were measured as a function of thickness. Figure 6a shows the P−E hysteresis loops of the PZT films with different thicknesses. With increasing film thickness, the loop changes rapidly from the slanted loop, typically seen for a thin clamped dense film of PZT of MPB composition, to the square loop of a free crystal. Similar counter clockwise tilting of the P−E loops with increasing film thickness was observed by Keech et al. 22 in 350 nm PMN-PT capacitor structures narrowed in one lateral direction to an aspect ratio t/w = 0.03 up to 1.85. The counter clockwise rotation was attributed to the change in declamping and associated in-plane stress in the capacitor, causing changes in the domain wall mobility and an increased intrinsic response. The experimental P r and P s values increase and saturate for thicknesses above 3 μm. P s saturates for large film thicknesses at a value of about 36.3 μC cm −2 (Table 2 ). This is very close to the value P s SC /√2, where P s SC = 50 μC cm −2 is the single-crystal value given by Haun et al. 8 ( Figure 6c ). For the thinnest film, P s is slightly less than P s SC /√3. Despite the fact that in XRD no changes in the out-of-plane measured lattice parameter are observed, the polarization change indicates that the strain state changes, because the value of the (out-of-plane) polarization is intimately connected with the crystal structure. It is commonly accepted that at the MPB, the polarization vector can easily rotate under the influence of small strain changes, which change the crystal symmetry. The observed trend in the polarization can be interpreted as being due to a gradual change of the crystal structure with changing clamping. However, we could not support the idea of changing crystal symmetry with XRD measurements, because it was not possible to determine the crystal structure accurately, because the reflection spots in reciprocal space maps are rather broad. On the other hand, 
Research Article such broad spots can also be interpreted to be due to a spread in the lattice parameters, and thus to a gradual change of the lattice structure (and thus of the polarization orientation) along the length of the grains due to a changing strain state over the thickness of the grain.
The high-field slope (dP/ε 0 dE) at 200 kV cm −1 , corresponding to the large-signal relative dielectric constant ε r LS (200) (not to be confused with the small-signal relative dielectric constant obtained from C−E curves), is for all P−E loops approximately equal to 575. The fact that ε r LS (200) is approximately the same for all films, irrespective of the thickness, is taken as an indication that at high fields the complete film is in the same phase. In the above sketched picture, the film starts off in a phase with an orthorhombic or rhombohedral crystal symmetry at zero field, but becomes increasingly tetragonally distorted by the applied field, and the polarization is rotated out-of-plane. Note that ε r LS (200) is fairly close to the zero-field single-crystal value ε r LS (0) = 382 given by Haun et al. 8 This indicates that at high fields the contribution from domain wall motion to ε r LS (200) has become small and that the intrinsic effect of polarization rotation dominates the permittivity.
The capacitance−field (C−E) curves are shown in Figure  S5b . At high field, the small-signal relative dielectric constants The P−E and C−E measurements point toward the presence of a polydomain structure in the films. Consider the depolarization energy of a grain that is spatially separated from its neighbors, as is to a good extent the case for films grown at high pulse rates and for larger thickness. Minimization of the depolarization energy over the outer surfaces of the grain requires that the grain is in a polydomain state of multiple domains, such that the net polarization normal to each of the side faces of the grain is zero. (The fine structure visible on 
Research Article most sides of the larger diameter grains (see Figure 5 , panels d3, e3, and f3) might be a signature of this polarization domain structure.) This polydomain interpretation fits the picture sketched in the theoretical paper of Cao et al. 26 where a poled single crystal of PZT with MPB composition is described by a polydomain phase consisting of four equivalent rhombohedral phases and one tetragonal phase. In the case of the thin films discussed here, consisting of (nearly) isolated long grains, the P−E data suggest a polydomain phase consisting of rhombohedral-like domains changing to orthorhombic-like domains with increasing thickness and toward tetragonal-like domains at higher applied fields. As mentioned by Cao et al., 26 it was already pointed out long ago by Isupov 67, 68 that a polydomain state is easier to switch than a single domain state, because a large number of available easy axis directions creates a low energy path for reorienting the polarization. As we have seen, such easy switching and domain wall motion contributes considerably to the permittivity of the films at low fields. We will see below that this has also a large effect on the piezoelectric properties.
The field dependence of the small-signal effective-longitudinal piezoelectric coefficients (d 33f (t n ,E)) for the different film thicknesses (t n ) is shown in Figure 6b . It is observed that for thicknesses larger than 0.5 μm, the hysteresis loop shows maxima in the rising and falling branches that increase with increasing thickness and saturate for thicknesses of 4 μm. In Figure 6d is plotted the average of the absolute values of the Figure  6d ). For the thinnest film the loop is slanted, whereas for the larger thicknesses the loops show near vertical switching branches, reflecting the decreasing degree of clamping with increasing film thickness. Using a procedure similar to that applied to deconvolute the thickness dependence of the growth rate, we determined the longitudinal piezoelectric coefficient at a given out-of-plane position in the film d 33max (z i ) (Figure 6d ). It is found that d 33max (z i ) reaches a maximum in the thickness range 3−4 μm as high as 600 pm V . This is in the same thickness range where the growth rate is largest, and thus where the grains are most separated. The highest d 33max (z i ) value found in our films corresponds very well with the theoretical result from Cao et al. (525 pm V −1 for x Ti = 0.48 and 725 pm V −1 for x Ti = 0.47), 26 and is much larger than the value for the single-crystal single-domain from Haun et al. 8 They ascribed these very large values to easy domain wall motion in an unclamped polydomain single crystal.
Thus, we come to the following picture: the grains in the film can be considered to be polydomain, single crystals. With increasing thickness, the grains become less connected with neighboring grains, and the effect of clamping on domain wall motion, polarization rotation, and crystal unit cell deformation is reduced. The maximum d 33max (z i ) in the thickness range 3−4 μm is close to the theoretical prediction of Cao et al. 26 This suggests that at this position in the film the grains can be considered to be largely unclamped. For the thickest film, d 33max (z i ) of the top micrometer of the film is decreased, suggesting that in this section the grains are slightly more connected again, causing more clamping. This corresponds with the reduced spacing between the grains in the 4−5 μm range as compared to the 3−4 μm range (see Figure S8) .
One expects that at high voltage bias all polarization is largely aligned in the field direction, and thus that domain wall motion does not contribute to the piezoelectric effect. In that case, the unit cell is already significantly tetragonally deformed by the field. Thus, one expects that d 33av (200) is therefore largely determined by polarization extension and further tetragonal deformation of the unit cell. The experimentally determined values of d 33av (200) as a function of film thickness (for the larger film thicknesses) are nearly equal, which supports the picture that the whole film is in the same (tetragonal) state. 
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The piezoelectric response as discussed above was measured as the strain response to a relatively small amplitude AC voltage signal on a large DC bias. We expect that at small DC bias fields, only small oscillatory domain wall motions take place (which by many authors is observed to be hysteretic even for very low excitation fields), together with small polarization rotation and extension variations. The domain wall excursions are small and cyclic so that the domain wall structure in the grain averaged over many cycles of the small-signal AC measurement is static (except when switching occurs around the coercive field). Further, we expect that at large DC bias fields mainly polarization extension remains as the piezoelectric mechanism, because the unit cells are highly strained and therefore largely clamped by the field. This decreases the cyclic domain wall motion amplitude and the contribution of domain wall motion to the piezoelectric response. The situation is very different when the field bias is swept, as is done in displacement−electric field (Δz−E or strain−field S−E) measurements. In that case, the domain structure continuously changes at low fields, and domain walls continuously move through the grain. Figure 7a shows the bipolar displacement hysteresis curves for the different thicknesses versus applied electric field (Δz− E) measured at 100 Hz and averaged over 100 cycles. Note that the maximum voltage is chosen such that for all films the same maximum field (±200 kV cm −1 ) is obtained. The strain−field hysteresis curves S av (t n ,E) are depicted in Figure 7b . The loops show a strong increase of the strain with increasing thickness from about 0.2% at 200 kV cm −1 for the 0.5-μm-thick film to nearly 0.8% for the thickest film. Unipolar strain measurements were performed (see Figure S12) , and the normalized piezoelectric coefficient d 33 * = S 3 (E max )/E max and the maximum hysteresis H = max(ΔS 3 (E)/S 3 (E)) were determined. All loops show significant hysteresis at all applied field values, indicating the contribution from domain wall motion and pinning to the piezoelectric activity.
From the strain hysteresis loops, the hysteresis loops of the large-signal piezoelectric coefficient d 33f LS (E) = (dΔz/dV) E are calculated (see Figure 7c) . Extremely large values are obtained close to the coercive field, increasing with film thickness and reaching a largest value over 6000 pm V −1 for the 5 μm film. However, these extreme values occur just after polarization reversal has taken place, and these parts of the loops (B−C−D, F−G−H in Figure 7d ) cannot be used reversibly. These large "overshoots" arise from polarization switching from antiparallel to parallel to the applied field, inducing a large change (increase) in the strain (in the out-of-plane direction, Table  3 . Comparison with the values obtained from the average smallsignal hysteresis loops shows that the ratio of the large-signal to the small-signal zero field values increases with thickness from about 1.1 for the thinnest films to 2.5 for the thickest film, while the ratio for the maximum values increases from 1.6 to 3.7. The ratio of the high field values, on the other hand, does not show a clear trend and is relatively small around 1.4. The large increase of the large-signal piezoelectric coefficients of the thicker films as compared to the small-signal values is believed to be due to a larger contribution of domain wall motion and easier polarization rotation to the piezoelectricity in the case of LS measurements. As discussed above, the grains become less clamped with increasing thickness, so that domains can more easily move and the in-plane strain change due to polarization rotation is hampered less by clamping. This is corroborated further by the observation that at high field the increase of the ratio is much less because at high fields mainly polarization rotation and extension attributes to d 33 .
For some applications, the static displacement and especially the maximum displacement range |Δz max | is of importance. Figure 7e gives |Δz max | as a function of the film thickness. The accessible range increases approximately linearly to about 41.7 nm for a voltage span |ΔV max | of 100 V for the 5-μm-thick film. These films and especially the thicker films can be driven to significantly larger voltage and thus to somewhat larger maximum displacement values. However, from extending the displacement curves by curve fitting, we find that at 200 kV cm −1 already about 90% of the 400 kV cm −1 displacement value is reached. The average piezoelectric coefficient over the maximum displacement range for |E max | = 200 kV cm −1 , defined as d 33av LS = |z max |/|V max |, increases to about 400 pm V −1 for a thickness of 3 μm, slightly increases to 430 pm V −1 for the 4 μm thick film, and decreases then to 417 pm V −1 for the 5-μm-thick film (Figure 7e) . Surprisingly, d 33av
LS is approximately equal to the maximum value obtained from the small-signal measurements, d 33max SS , for each thickness. We have no argument for this correspondence and think this is largely coincidental. Further, we note that the similar trends with thickness reflect (Figure 6b ) at E = 0, the maximum value in the loop, the value at the maximum applied field E = 200 kV cm −1 , and the value in the thickness section (i,j) = (t n ,t n−1 ), respectively. 
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Research Article the effect of decreasing clamping on both SS and LS piezoelectricity. After deconvolution of the thickness dependence, one obtains the z-position-dependent strain−field hysteresis loops, S(z i ,E), as shown in Figure 7f . It is observed that the largest strain of 1.0% at 200 kV cm −1 occurs in the film section 3−4 μm. For the 2−3 and 3−4 μm sections, the hysteresis is much smaller for |E| > E c than for the bottom 2 μm. Further, the loops of these sections show overshoot, especially at the negative coercive field, as was also seen in the d 33 LS −E loops. The strain S(2−3 μm) and S(3−4 μm) jumps from a slightly negative value to a large positive value and then reduces again. This fits with the earlier explanation that in the unclamped sections of the grain the compressive (intrinsic) strain in the antiparallel polarization-field case goes over into tensile (intrinsic) strain when the polarization becomes parallel to the field. This highly strained state appears to relax, probably by domain wall motion and some polarization back rotation, to a less strained state. With increasing field |E| ≫ E c , the strain increases further, but is increasingly determined by polarization rotation and less by domain wall motion. The fact that for negative coercive field (negative field corresponds to an applied field directed from the bottom to the top electrode) the overshoot is so large is taken as an indication that reverse domain growth is very fast. It is hypothesized that reverse domains nucleate at the top electrode, where the grains are widest. We think that the high growth rate of the reverse domains arises from the fact that grain boundaries, which may stop or slow lateral domain wall motion, are far apart, while for the reversal at positive field the nucleation starts at the bottom electrode interface, where all films have the same (small) grain diameter and thus the same limited lateral domain growth. At positive coercive field, one observes with increasing thickness increasingly steep switching, indicating that lateral domain growth also becomes easier with increasing grain size, but only for the thickest film is there a clear overshoot. For the top 4−5 μm of the film, the local strain reduces for fields increasing over about |E| > 100 kV cm −1 . This implies that the thickness of the top layer is reduced with increasing field strength, which must be due to increasing tensile in-plane stress. This is again a signature of clamping in this part of the film.
Using the calculated d 33av LS (E) hysteresis loops, one can again deconvolute the thickness dependence. Figure S11 . As we have seen above, this is because at high fields the top layer becomes thinner with increasing field. The latter effect does not occur for the layers underneath.
In Figure 8 are compared the results for the differently defined piezoelectric coefficients of the 5-μm-thick film, demonstrating the large differences between small-and largesignal measurements. The averaged small-signal measurement shows a relatively small change of the d . All of these features were explained by the large contribution from fast domain wall motion in large-signal measurements as compared to small-signal measurements in which the contribution from polarization rotation to d 33 is relatively larger.
■ CONCLUSIONS
In summary, the electrical and mechanical properties of PZT films grown on Pt/Si substrates strongly depend on the film microstructure. The deposition pulse rate is crucial for the columnar grain density, which determines the film clamping to the substrate and between individual grains, that in turn strongly influences the physical properties of the film. A high pulse rate favors a tapered grain shape structure and less densely packed columnar grains, leading to a higher d 33f value (e.g., 305 pm V −1 for 2-μm-thick PZT films deposited at the pulse of 50 Hz), whereas a denser columnar-like microstructure that is obtained with low pulse rates results in a higher remanent polarization and transversal piezoelectric coefficient. The film thickness significantly influences the film properties. The piezoelectric coefficients were found to be higher for PZT films with higher thicknesses. A maximum average d 33f value of 408 pm V −1 was obtained in the 4-μm-thick PZT film (with laser pulse rate of 50 Hz), whereas it was deduced that in the 3−4 μm section of thick films the local piezoelectric coefficient is as large as 600 pm V −1 . Large-signal strain−field measurements demonstrate average strain values as large as 0.8% and locally up to 1.0% in thick films. These high values allow for maximum longitudinal displacements of over 40 nm for 5-μm-thick films. The enhanced piezoelectric coefficients of PZT films are explained in terms of changes in the microstructure, which allow for significantly less clamping of the lattice in the individual grains. This in turn allows for large changes in the domain structure with little domain wall pinning and easy polarization rotation over large angles. The huge piezoelectric and strain coefficients obtained in this study will open the way for a broad class of specific applications, such as in a nanocontrol system based on piezoelectric actuators for the control of optical cavities.
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